Abstract Fast computed tomography (CT) is one of the few methods available to measure cortical and medullary renal blood flow (RBF) directly. Because these measurements are complicated by passage of the contrast medium into extravascular compartments, we used the residual opacity following the vascular blush as an index to account for extravascular iohexol. Kidneys of anesthetized dogs were examined in situ by fast CT following intra-aortic injections of iohexol. Perfusion was analyzed during a control period and three subsequent periods in which RBF was reduced by 10%, 30%, and 50%. Cortical microvascular distribution volume changed from 19.7±2.8% to 19.8±1.7%, 15.3±1.2%, and 9.9+1.7%, respectively, without significant alterations in cortical mean transit time. Microvascular distribution volume was divided by mean transit time to determine tissue perfusion. Cortical perfusion changed from 3.8±0.7 to 3.9±0.6, 3.1±0.5, and 2.2+±0.5 mL * min-m1 mL tissue-l. Total cortical blood flow (cortical perfusion multiplied by cortical volume) decreased from 164±32 to 159+31, 117+20, and 86+22 mL/min, respectively. Medullary microvascular distribution volume, mean transit time, perfusion, and total blood flow remained unchanged. Fast CT-determined total RBFs (cortex plus medulla) were similar to simultaneous electromagnetic flow measurements. These results indicate that renal regional perfusion is more dependent on the microvascular distribution volume than mean transit time and that variations in renal tissue perfusion with reduction of RBF are more apparent in the cortex than in the medulla. (Circ Res. 1994;74:945-951.) 
perfusion changed from 3.8±0.7 to 3.9±0.6, 3.1±0.5, and 2.2+±0.5 mL * min-m1 mL tissue-l. Total cortical blood flow (cortical perfusion multiplied by cortical volume) decreased from 164±32 to 159+31, 117+20, and 86+22 mL/min, respectively. Medullary microvascular distribution volume, mean transit time, perfusion, and total blood flow remained unchanged. Fast CT-determined total RBFs (cortex plus medulla) were similar to simultaneous electromagnetic flow measurements. These results indicate that renal regional perfusion is more dependent on the microvascular distribution volume than mean transit time and that variations in renal tissue perfusion with reduction of RBF are more apparent in the cortex than in the medulla. (Circ Res. 1994; 74:945-951.) Key Words * kidneys * blood flow * computed tomography A lthough glomerular and tubular functions appear to be strongly influenced by total and regional renal hemodynamics, understanding of this relation has been limited because few methods are available to measure cortical and medullary blood flow directly.1-3 Methods using either videomicroscopy4 or laser Doppler probes5'6 are invasive and measure tissue blood flow or red blood cell flux only in accessible circumscribed capillary beds, but they do not measure the entire tissue perfusion. Radioactive microspheres have been used to assess the cortical distribution of renal blood flow (RBF).7'8 However, because the microspheres lodge in afferent arterioles and glomeruli, medullary blood flow cannot be measured directly. Furthermore, because of their invasiveness, videomicroscopy, laser Doppler flow probes, and radioactive microspheres cannot be used in clinical settings to evaluate disease processes such as renal artery stenosis. Although radionuclide scintigraphy may be used to assess renal hemodynamics and function,9"10 the method does not provide information about the cortical and medullary distribution of RBF.
Knox et a12 addressed the problems of interpreting the intrarenal distribution of RBF and suggested that fast computed tomography (CT) be used to follow the distribution of radiopaque contrast material in the kidney. Using externalized dog kidneys, Iwasaki et al"l found that the cortical distribution of radiographic contrast material measured with fast CT correlated well with the distribution of radioactive microspheres. More recent fast CT methods that have used the gammavariate curve-fitting techniques of Thompson et al12 and Mullani and Gould13 to measure RBF and its distribution have also shown a good correlation to cortical blood flow determined with radioactive microspheres.14 An underlying assumption in fast CT determinations of blood flow is that during its first pass, the contrast material remains entirely in the vascular compartment. In the heart, it has been demonstrated that an appreciable amount of contrast material leaves the vascular compartment to enter the surrounding interstitial space.15"6 Furthermore, radiographic contrast media used for dynamic studies of the kidney are removed from circulation by glomerular ffltration.'718 Erikson et al'9 observed that the kidney remains partially opacified after the first pass of a filterable contrast medium and suggested that this residual opacification represents the filtered contrast medium in the tubular compartment of the kidney.
In the present study, we used the dynamic spatial reconstructor (DSR) 
Image Reconstruction
The x-ray projections2324 were gathered by 14 video cameras mounted on the gantry,25 and the video images were stored in analog form in a bank of video disk recorders. Each of the 14 recorded projections consisted of 120 video scan lines spaced at 1.8-mm intervals along the cephalocaudal axis. The brightness values along these video scan lines were digitized to provide input data for the subsequent reconstruction of corresponding tomographic transaxial images, using a filtered back-projection algorithm.26 In our study, the original 1.8-mmthick slices were interpolated to match pixel dimensions by means of a linear interpolation algorithm applied to the slices. 27 The edge length of the resultant cubic voxels ranged from 0.5 to 0.6 mm.
Data Analysis
Renal images for volume determinations were obtained during the first 4 seconds of renal opacification. The volumes of each kidney and its cortex and medulla were determined from whole kidney volume images composed of 123 to 167 (depending on individual kidney size) transverse slices containing 128x128 voxels per slice. Volume determination was performed using a statistical random marking method implemented with the ANALYZE image analysis software package (Biodynamic Research Unit, Mayo Foundation, Rochester, Minn), which has been previously described and shown to have good correlation with the conventional planimetric method for renal volume determination.28,29
A 0.5-to 0.6-mm-thick transverse slice through the hilar region of the kidney was analyzed sequentially through time to obtain information concerning the transit of iohexol. To obtain an arterial time-dilution curve, we determined the average opacity of iohexol in a circular area of interest (1 cm diameter) within the aortic lumen at 0.2-second intervals. For cortical and medullary time-opacity curves, the average opacity during passage of iohexol was determined at each time interval from areas of interest within delineated boundaries of the cortex and medulla. The tissue boundaries were delineated during peak opacification so that the corticomedullary junction was visible and regions outside the tissue of interest could be excluded. The large interlobar blood vessels at the hilus were also excluded from the areas of interest. Once the outline was accepted, it stayed in a fixed position relative to the image. Because the kidney did not move (due to respiratory suspension), the curve was assumed to be generated from the same renal region at all time points during the scan, and this was confirmed visually by the analyst. hoft Ca(r)di, where h scales the aortic integral to the value of the residual opacity (ie, the residual opacity divided by the area under the arterial time-dilution curve). The microvascular opacity Cv(t) is estimated as the difference between the renal tissue opacity Cr(t) and extravascular opacity h0.ft Ca(r)di-. (Fig 2) .
Volume
In group A, renal volume ranged from 41 to 71 mL (58±5 mL) in run 1. In four of the dogs, renal volume was 7% to 21% less in run 4 than in run 1. However, because the renal volume of one dog did not change, there were no statistically significant differences in renal volume measurements among the four DSR runs (P=.0546, ANOVA) (Fig 3) . The cortex comprised 69±1% of the total renal volume in group A. There were no significant differences among the four experimental runs for either cortical or medullary volumes (Fig 3) .
In group B, renal volumes varied among the four DSR runs (P=.0052, ANOVA). Mean renal volume increased significantly from 65±3 mL in run 1 to 71±4 mL in run 4 (Fig 3) , an increase of 10±4%. (Fig 4, top) .
In group B, there were significant differences in cortical microvascular distribution volume measurements among the four DSR runs (P=.0355, ANOVA). The cortical microvascular distribution volume increased significantly from 20.2+2.8% in run 1 to 26+5% in run 4. The medullary microvascular distribution volume did not vary significantly among the four DSR runs.
Mean Transit Time
In groups A and B, there were no significant differences in mean cortical transit times among the four DSR runs (Fig 4, middle) . Likewise, the medullary mean transit times did not vary significantly among the four DSR runs.
Tissue Perfusion
In group A, there were significant differences in cortical perfusion (P<.0001, ANOVA), but not in med- (Fig 4, bottom) . Medullary perfusion was 2.4+0.5 mL* min1 . mL tissue`1 in run 1 and 2.3+±0.5 mL-min`1 mL tissue`1 in run 4 (Fig 4, bottom) .
In group B, there were no significant differences among the four DSR runs for either cortical or medullary perfusion (Fig 4, bottom) .
Total Tissue Blood Flow
Total tissue blood flow was determined by multiplying tissue perfusion values by tissue volume. In group A, there were significant differences in total cortical blood flow among the four DSR runs (P=.0002, ANOVA). The total cortical blood flow decreased from an initial value of 164+32 mL/min in run 1 to 86+22 mL/min in run 4 (Fig 5) . There were no significant differences in medullary blood flow among the DSR runs.
In group B, there were significant differences in cortical blood flow among the DSR runs (P=.040, ANOVA). Cortical blood flow was 109±+20 mL/min in run 1, 126±25 mL/min in run 2, 138+31 mL/min in run 3, and 119±23 mL/min in run 4. There were no significant differences in medullary blood flow among the DSR runs. Total RBF was calculated as the sum of the total cortical and medullary blood flow determinations made from the DSR data. These determinations of RBF calculated from values obtained from the DSR data were similar to the RBF measurements made with the electromagnetic flow probe in all four runs (Fig 6) . RBF calculated from the DSR data correlated well with the corresponding measurements made with the electromagnetic flow probe (Fig 7) . In group A, multiple regression analysis showed that there were significant 
Discussion
Past studies using fast CT have shown that renal opacification exhibits a good correlation with renal perfusion.31"32 Indicator-dilution techniques applied to fast CT images of renal tissue have provided estimates of renal perfusion expressed in milliliters per minute per gram of tissue,143334 which have been shown to correspond with concurrent measurements made with radioactive microspheres.14 In the present study, our estimates of cortical and medullary perfusion in milliliters per minute per milliliter of tissue were comparable to previously reported values made with fast CT.143334 The previous fast CT studies, however, did not measure renal volume in relation to changes in RBF. The volumetric capabilities of the DSR allowed us to measure volume concurrently with the determination of tissue perfusion (mL-minm *mL tissue-'), which in turn allowed us to estimate total cortical and medullary blood flows in milliliters per minute. The sum of the total cortical and medullary blood flows then provided us with estimates of total RBF, which were comparable to and correlated well with simultaneous measurements made with an electromagnetic flow probe.
We adjusted our perfusion estimations by using the residual opacity as a means to account for the amount of contrast medium that had escaped into the extravascular space. Erickson et al'9 attributed the residual opacity to contrast medium that had been filtered by the glomeruli. However, it is quite conceivable that an appreciable amount of the contrast medium also entered the interstitial spaces as a result of capillary transport, because the endothelium of the peritubular capillary bed is fenestrated.35 '36 In fact, Lumsden et a137 recently demonstrated that a freely filtered contrast medium such as iohexol follows the transcapillary exchange model proposed by Goresky et al.38 In the heart, during the first pass of contrast media, residual opacity remains when using an agent that passes through the capillary wall (eg, iohexol, iversol) but not with materials that remain in the vascular compartment (eg, thorium dioxide, ethiodol).15"16 In a similar manner, it has been demonstrated in the kidney that residual opacity is present only when a filterable contrast medium is used and is absent when a nonfilterable medium is used. '9,37 The significance of intrarenal blood flow distribution has been debated for years. The underlying hypothesis has been that the flow of blood is diverted from the superficial to the deep cortex during hemorrhage so that sodium and volume losses are minimized.3 This hypothesis was based on the assumption that long looped nephrons of the deep cortex had a slow fluid transit time and thereby a higher capability to reabsorb sodium compared with shorter looped nephrons of the superficial cortex. Support for this hypothesis comes from past studies using radioactive microspheres, which have shown that as renal perfusion pressure is reduced experimentally, the proportion of microspheres that lodge in the glomeruli of the juxtamedullary cortex increases.78 Because blood flowing to the medulla must first pass through the glomeruli of the juxtamedullary cortex, such observations imply that as RBF is reduced, the medulla is perfused with progressively larger proportions of blood than the cortex. This phenomenon was reported for the first time by Trueta et al,39 who described maintenance of medullary blood flow below the autoregulatory range, in association with reduction in cortical blood flow. They therefore suggested that under certain circumstances, blood could be shifted from the cortical to the medullary circulation.
However, laser-Doppler studies on the rat kidney have shown that as renal perfusion pressure is decreased below the limit of autoregulation, inner medullary (papillary) blood flow decreases proportionately with reductions in blood flow.6'40 Likewise, recent studies in the dog kidney using fast CT have demonstrated a reduction in inner medullary perfusion during hemorrhage.34 Because our interests in the present study were aimed at determination of tissue perfusion and RBF, we did not attempt to measure renal perfusion pressure. However, because we were able to alter RBF in group A by renal artery constriction, it is likely that renal perfusion pressure was lowered below the limit of autoregulation. Under these circumstances in group A, we observed a corresponding reduction in cortical blood flow, as expected, when RBF was decreased, but we did not observe any significant concomitant reduction in medullary blood flow. Also in our study, we measured total medullary perfusion (outer combined with inner medullary perfusion) and did not measure inner medullary perfusion alone. It is possible that the outer medullary perfusion did not change appreciably with the experimental alterations in RBF and thereby masked the changes in inner medullary perfusion. This possibility is plausible if the juxtamedullary afferent arterioles (which emerge first from the intralobular arteries) become maximally dilated with the reduction in perfusion pressure, so that the perfusion of renal tissue would follow the path of least resistance (ie, the capillary bed of the outer medulla). Indeed, in support of this hypothesis, a recent laser-Doppler study41 described better autoregulation of the outer compared with the inner medulla in volume-expanded rats, although neither autoregulated as efficiently as the cortex. The apparent maintenance of medullary (or at least outer medullary) blood flow below the range of RBF autoregulation does not necessarily preclude participation of medullary hemodynamics in the mechanism of pressure-induced natriuresis. The preservation of medullary blood flow at low perfusion pressure only reflects the lower minimal renal vascular resistance in deep versus cortical nephrons. The demonstration of poor medullary autoregulation within the range of RBF autoregulation in volume-expanded rats41 supports a role for medullary hemodynamics in the mechanism of pressure natriuresis. One may speculate that within the autoregulatory range, there is a change in medullary blood flow that parallels the change in renal perfusion pressure, whereas below this range the juxtamedullary vessels cannot dilate much further.
The discrepancy between our findings and those of Jaschke et a134 may also represent differences in experimental conditions and measurement techniques. For instance, without correction for extravascular opacification, a reduction in glomerular filtration would cause the tubular transit of contrast medium to become excessively slow and, in turn, would artifactually influence the uncorrected renal time-opacity curves. Finally, it is possible that repeated exposure to the contrast material iohexol in our study could have influenced the medullary perfusion. However, exposure to iohexol decreases medullary perfusion42'43 and therefore would have further reduced our measurements in medullary blood flow rather than offset them.
With the experimental reduction of RBF, the afferent arterioles become maximally dilated by autoregulatory control, and the vascular tone of the efferent arterioles is adjusted by the renin-angiotensin system.3 We observed that the mean transit times did not change significantly with the experimental reductions in RBF, whereas the microvascular distribution volumes decreased. Because the renal microvascular distribution volume is primarily postglomerular,44 the results imply that there is constriction of the efferent arterioles following a reduction of RBF. 45 As discussed previously, the medullary microperfusion in our study remained relatively constant as RBF was reduced, suggesting that the efferent arterioles supplying the vasa recta of the juxtamedullary glomeruli were not as responsive to angiotensin control. Such maintenance of medullary circulation during conditions of low renal perfusion pressure would favor the reabsorption of sodium by the medullary thick ascending limbs and collecting ducts.3
In past studies,21 '22 it has been shown that there is no reduction in renal size if renal perfusion pressure is those studies demonstrated that when renal perfusion pressure was lowered below the limit of autoregulation, renal size decreased in parallel to reduction in RBF. In the present study, we did not observe a significant decrease in renal volume when RBF was reduced. We suspect that the hyperosmotic radiocontrast medium produced diuresis and tubular distention that offset the expected reduction in renal volume with RBF decrements. Although we chose iohexol as the contrast medium for our study because it is nonionic with a lower osmolality than conventional contrast media, iohexol (844 mOsm/kg, specifications of Winthrop Pharmaceuticals) is still hyperosmotic in comparison to plasma. During the clearance of hyperosmotic contrast medium, there is considerable tubular distension. 46 We observed progressive relative volume increase with each DSR run in group B in which RBF was not altered; this volume increase was primarily medullary. Indeed, Lerman et a147 recently demonstrated that iohexol produced an increase in medullary volume.
In conclusion, when the residual opacity following the vascular blush was used to account for the contrast medium that escaped from renal circulation into the extravascular space, renal tissue perfusion was more dependent on the microvascular distribution volume than vascular transit time. Furthermore, variations in tissue perfusion that occurred relative to alterations in RBF were significant only in the cortex, not in the medulla. Because tissue volume changes could influence the determination of total tissue blood flow (expressed in mL/min), tissue volume was measured concurrently with the measurement of tissue perfusion (expressed in mL-min`1 mL tissue-'). As was the case for tissue perfusion, variations in total tissue blood flow that occurred relative to alterations in RBF were significant only in the cortex, not in the medulla. Finally, the determinations of RBF made from the DSR data were similar to and correlated well with determinations of RBF made with an electromagnetic flow probe.
